Abstract-This paper deals with the impact of a gas discharge arrester's electrodes' shapes on its performance. When after extinguishing the electric arc between the electrodes of the gas discharge arrester and the electric-field strength between the electrodes exceeds the critical value, reignition occurs. Computation of the electric-field strength between the electrodes of the existing gas discharge arresters using the finite elements method shows that electric-field strength reaches its highest values at the edges of the electrodes. It therefore makes sense to reduce the electric-field strength at the edges of the electrodes by changing the electrodes' shapes. This also reduces the risk of reigniting the electric arc between the electrodes and improves the arrester's ability to self-extinguish. The electrodes can be geometrically shaped in such a way that ensures much uniform distribution of the electric-field strength as possible. This paper describes the model of a gas discharge arrester and the use of a differential evolution optimization algorithm for computation of the more adequate shapes of electrodes. Thus, uniform distribution of the electric-field strength is ensured between the gas discharge arrester electrodes.
I. INTRODUCTION

G
AS discharge arresters (GDAs) are important components of overvoltage protection regarding low-voltage (LV) circuits in buildings. A GDA is a good insulator at nominal voltages. Under certain circumstances, such as in the case when a surge wave travels through the electric circuit, the voltage between the electrodes exceeds the breakdown voltage of the gas. This causes discharging processes in the gas that eventually lead to the appearance of an electric arc between the electrodes. Electric current flows to the grounding electrode which reduces the energy content of the surge wave. Thus, the surge wave does not reach the protected devices and wiring. The arc extinguishes after the passage of the surge wave. The GDA again behaves as an insulating element. The basic behavior of the GDA is presented by a simple mathematical model in [1] .
The authors in [2] studied the phenomenon of reigniting the electric arc between the electrodes of the GDA in detail, and produced a mathematical model based on physical parameters. The condition for the first ignition of the GDA is fulfilled when the voltage between the electrodes exceeds the breakdown voltage of the gas. Possible reignition occurs when the highest electric-field strength between the electrodes exceeds the dielectric strength of the gas. Critical dielectric strength is a property of the filling gas and depends on the quantity of heat released from the electric arc. When the electric arc between the electrodes extinguishes, partly ionized gas (weak plasma) remains within the gap between the electrodes [3] . This is a space charge that distorts the electric field between the electrodes when voltage is applied to the electrodes and consequently the electric-field strength increases [4] . The progression of streamer discharge toward the opposite electrode depends on maximum electric-field strength within the gap [5] . If the magnitude of within the gap between the electrodes is insufficient, the streamer discharge will not form any conductive channel, which means that there will be no avalanche ionization, and reignition will not occur. This is the reason for the reshaping of the electrodes that reduces . Several other authors have been engaged in developing the operations of the GDAs. The author in [6] studied the breakdown characteristics of gas between the electrodes but did not address the impact of the electrodes' shapes on the reignition of the gas after extinguishing the electric arc in the GDA. The authors in [7] and [8] theoretically and practically dealt with those properties that affect the dielectric breakdown between the electrodes of the GDA. From the results of the research work presented in [7] , it is evident that the occurrence of a first dielectric breakdown in the GDA is independent of the shapes of the electrodes (contacts) of the GDA. In the case of surge-wave voltage, the gradient rises rapidly and we can therefore talk about critical voltage. The repeated dielectric breakdowns in the gas after extinguishing the electric arc, in contrast, depend on the electrodes' shape. In the case of slow-rising electric-field strength between the electrodes, an important role is played by the magnitude of the electric-field strength between the electrodes, which is connected with their shapes. Such a case appears with the rising speed of the gradient of the sinusoidal line voltage after extinguishing of the electric arc. Due to the specific geometries of the electrodes, it is impossible to determine the electric-field strength analytically. Instead, the adequate FEM program tools Electromagnetic Field Analysis Tools (EleFAnT) [9] are used.
The main focus of this paper was on the design of GDA electrodes. The optimization method of differential evolution was used for the computation of the optimal geometrical shapes of the GDA electrodes.
In short, the contents of the subsequent sections are as follows: Section II describes the process of developing a geomet-0885-8977 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. rical model of a GDA which, by applying appropriate boundary conditions, serves as a basic tool for the computation of electric-field strength between the electrodes using FEM. Also presented are the results of analysis of electric-field computations between the electrodes of standard shape and with a grid engraved on top of each electrode. On the basis of this analysis of electric-field strength, Section III describes the procedure of changing the electrodes shapes' using an optimization algorithm to reduce the magnitudes of the highest electric-field strength between the electrodes. Section IV provides an analysis of the optimal results of the most suitable electrode shape, the purpose of which is to achieve as uniform a distribution of the electricfield strength between the electrodes as possible. Section V provides a comparison and analysis of the electric-field computations for the various shapes of the electrodes. This paper concludes with Section VI which contains the conclusions of the research.
II. COMPUTATION OF THE ELECTRIC FIELD BETWEEN THE ELECTRODES OF THE GDA
This section deals with the existing types of GDAs. An adequate geometrical model was developed to compute the electric field between the electrodes. Only the electric field in GDA will be considered, but not those properties of gas which affect the dielectric strength of the gas. We were primarily interested in those areas of gas where the electric-field strength significantly increases. In order to compute the electric-field strength, we need to know the arrester's geometry and voltage between the electrodes. Computations of electric-field strength for two existing types of GDAs are presented below. The first type has a smooth upper surface of electrodes while the second type has the form of a grid on the upper surface recesses.
A. Computation of Electric-Field Strength Between the Electrodes With Smooth Upper Surfaces
The majority of GDAs available on the market have axialsymmetric shapes. This means that an electric field can be computed using FEM in a rotationally symmetrical way within 2-D space. It is enough to determine the shapes of the projections of all components of the GDA together with the corresponding coordinates of vertices. Fig. 1 shows a projection of one of the GDA types that will be dealt with below.
As is evident from Fig. 1 , the GDA is entirely divided into closed contours-shapes. The vertices of the sides are described using coordinates in a coordinate system of origin. The geometrical model of GDA in Fig. 1 is thus equipped with all of the data necessary for preparing a preprocessor developed using the Matlab program package. The solver of the EleFAnT program package [9] was used for further computations using FEM. The generation of finite-element mesh was performed using our own developed generator for the mesh of quadrilateral finite elements. In order to compute the electric-field strength in the GDA it is, in addition to geometrical data, necessary to know the electric potentials of the shapes and their dielectric constant (i.e., their material). All of these data are shown in Fig. 1 .
On the basis of these input data, all sides of shapes can be divided into equidistant points. Only in this way is it possible to achieve high-quality finite-element mesh on the sharp edges to perform calculations as accurately as possible, and without numerical errors. Fig. 2 shows the finite-element mesh of the geometrical GDA model, where all sides are divided into equidistant points, and the number of points are increased at the curved parts and sharp edges.
The shapes in the preprocessor are divided into finite elements on the basis of data from Fig. 1 , and the sides of shapes that are divided into equidistant points, as shown in Fig. 2 . The kind of material is also attributed to the electrode shapes, and the potentials of shapes 1 and 2 are determined. The resulting electric-field strength obtained by such a meshed geometrical model of a GDA within the EleFAnT program package is shown in Fig. 3 .
The electric-field strength in Fig. 3 is composed of electricfield strength in the -direction and electric-field strength in the -direction . Fig. 3 shows the absolute values of the electric-field strength. As evident from Fig. 3 , the electric-field strength significantly increases at the edges of the electrodes. This is visible in the form of white areas with 2.65 MV/m, where the electric-field strength exceeds the given limit of 1.48 MV/m. The value of is intended for the 
B. Computation of Electric-Field Strength Between the Electrodes With a Grid Structure Engraved on the Upper Surface
The second shape of the upper surface of the contact is shown in Fig. 4(a) . The contact has recesses on the upper surface in the form of a grid. On the basis of Fig. 4 (a), it is possible to develop a 2-D axially symmetric geometrical model that can be used for the computation of the electric field within the GDA with a grid. Such a geometrical model is presented in Fig. 4 Based on the improved geometrical model of a GDA with a grid on the top of the electrodes, it is possible to divide all sides into equidistant points. In the next step, all shapes are divided into finite elements in the preprocessor. In order to adequately display protrusions as curves, we had to significantly increase the numbers of nodes, while the remaining part was partitioned similarly as in the previous case, shown in Fig. 2 . Fig. 4 (c) shows the computation of electric-field strength using the input data from Fig. 1 . The geometry, which in this case was different since the electrode surface is not smooth but covered with a grid structure, is excluded. It can be seen that the electric-field strength at the edges of contacts is approximately the same as in Fig. 3 .
Above the protrusions, there are white areas where the electric-field strength exceeds the given limit of 1.48 MV/m and amounts to up to 3.4 MV/m. This shape at the tops of the electrodes is, according to the authors in [6] , the most suitable electrode surface for achieving the more constant ignition voltage of the GDA. The low radius of the protrusion causes, at a certain voltage, electric-field strength to appear higher than that at the edge of the electrode just above the protrusions. When an overvoltage with a fast-rising surge wavefront appears, a conductive channel is established at more constant ignition voltage. When modeling the grid, we made an approximation by representing protrusions and recesses as geometrically axisymmetric, although they are not as evident from Fig. 4(a) .
In the case of electric-field strength computation for the smooth tops of the electrodes (Fig. 3) , it turns out that the highest electric-field strength appears at the electrodes' edges. This computation is hereinafter referred to as Computation I.
The authors found out in [6] that the smooth surface of an electrode was inadequate since the electric arc always appeared at the electrode edges. This results in a burning out of the electrode's surface, which causes increased scattering of ignition voltages. The craters arising from the burning-out process cause ignition voltage decreases with each activation of the GDA. Among all considered shapes, the one with a grid engraved on top of the electrodes proves to be more suitable since it provides lower electrode burning out which also yields more constant ignition voltage. Nevertheless, after the electric arc material burns for a long time, it can be deposited at the electrode edge. For this reason, it is expected that the dielectric breakdown will occur right there.
The possibility of reducing the risk of reigniting the GDA without changing the dielectric strength of the filling gas is by geometrically reshaping the electrodes. This enables a reduction in electric-field strength to a level which, at nominal voltage in the filling gas, does not cause a dielectric breakdown. Our task was to find a procedure for designing the top of the electrodes in such a way that would ensure a more uniform distribution of electric-field strength. This meant that the electric-field strength between the electrodes would be much more homogenous than in the case of the so-far analyzed GDAs. The reason why the attempts are at all made to redesign the top of electrodes is that the magnitude of electric-field strength influences the possible reoccurrences of dielectric breakdowns, which make it possible to influence the self-extinguishing capabilities of GDAs.
III. PROCEDURE OF DETERMINING THE OPTIMAL SHAPE OF ELECTRODES USING AN OPTIMIZATION ALGORITHM
In this paper, the optimization process is based on a differential evolution algorithm [12] . The application of the differential evolution varies widely among all fields of study [13] . Very complex problems, as well as many electric problems, can be solved with it [13] - [15] .
Our task was to reduce the high values of electric-field strength at the edges of electrodes by reshaping the tops of the electrodes of a GDA. Instead of a planar shape at the top of the electrodes (Fig. 3 ), we applied a new shape at the top of electrodes according to Rogowski [10] with a hooked excrescence at the edge of the electrodes (Fig. 5) . The nonhomogeneity of electric-field strength is reduced if the top of the electrodes is curved in the form of a half-sphere with a hooked excrescence at the edge of the electrodes [4] . The electric field between the electrodes is homogenous. Those electrodes with such a shape of their surfaces are used for measuring the dielectric strength of insulating oils [11] . On the basis of these findings, a procedure for curving electrodes was developed.
A. Presentation of the Mathematical Procedure for Geometrically Changing the Shapes of GDA Electrodes
The procedure of curving of the electrodes a GDA with a hooked excrescence at the edge of the electrodes and a grid engraved at the top of the electrodes is graphically shown in Fig. 5 . By using them, the geometrical shapes of the projection of GDA electrodes are changed by a change of coordinates of points from to . We can have a real but general variable (coordinate of point ), the value of which can vary within a limited area, as defined by (1) . The relation between the variable and the variable is described by (1) According to (1), at 0, the value of , while at . From (1), it is also evident that this is uniform bijective mapping. The upper part of the GDA contour is formed by circular arcs between the points from to (Fig. 5) . The coordinates of these points and, thus, the shape of the contour are changed by varying the variables , , and according to (1) . The coordinates of the point do not change and have constant values (0, 7.8). The variable is used to change the -coordinate of the point . With regard to the preliminary analysis, the area of change regarding the -coordinate was set to the interval . The starting value of this coordinate was set close to the electrode's edge (3.125 mm). Using this limit, we kept the angle . The upper limit was defined with the proximity of the ceramic cylinder. The position of the -coordinate of the point can be changed by varying the variable . The position of this coordinate was set to the interval . The lower value was defined according to the maximum size of the excrescence, the radius of the electrode root, and the fact that we wanted to keep the angle of the circular arc . The upper limit was set at 0.2 mm under the top of the flat electrode 7.8 mm). The variable is used for changing the -coordinates of points from , to . The point is located at the edge of the electrode root 3.125 mm). The limits of -coordinates of these points were defined by the position of the -coordinate of (value of ) and the requirement to keep unchanged. The lower limit was determined on the basis of a preliminary analysis and was set at -0.6. The maximum vertical shift (0.6 mm) of these points with regard to was determined by the condition . The minimum vertical shift (0.2 mm) of these points with regard to is the upper limit of these vertical coordinates. It was defined by keeping unchanged, that is, the condition . The requirement to keep is also fulfilled by setting 1 at 0.7. Circular is determined by the position of the point and , which is defined by the variables and . A mathematical description of the circular arc is determined by three points , , and . The latter point is a mirror image of the point over the axis of the electrode's projection. The solution of the system of equations for the circle gives the position of the center of this circular arc and its radius . The center of this circular arc keeps its position on the axis of the electrode's projection , while changes. For the flat upper side of the electrodes (Figs. 2 and 4(b) ), it holds that . The upper limit of changing the coordinate 7.78 was set in a way to avoid any singularities in the computation. The positions of the points , , and determine . The Euclidean distance between the points and represents the radius of the arc . From this value, the coordinate is calculated as . The coordinate is obtained by using the relation . The value of is expressed as . Finally, the coordinate is determined as . The lengths of , , and , which define the size of the excrescence, are determined by all three variables ( , , and ). The grid that is defined for the flat upper side of the electrode in Fig. 5 is designed in the curved shape on the basis of the theory for designing of gear wheel transmission systems. The curve for the grid of the projection of the electrode in the form of two semicircles with different radii according to Fig. 5 is a circular arc with the center in and a radius of . Since the grid consists of identical pairs of semicircles, it is enough to set the limiting points as vertex points of isosceles triangle , which is formed by two base points and . The remaining points of the grid are determined by the variables of the angle and the known radius of the circular arc within the cylindrical coordinate system. The number of teeth of the grid is kept unchanged to enable comparison with the results of computation for the case with a flat electrode and the grid. Fig. 5 shows two shapes of electrode contours with different variables: Case 1 (Fig. 5 ) with and Case 2 with the set of variables . Case 2 represents the shape of the more curved electrode with the largest excrescent on its edge.
The mathematical procedure for the curving of electrodes is simplified if we concentrate on the curving of the smooth surface of the upper part of the electrode. In all cases when defining these geometrical models, we determine those equidistant points which are defined by closed contours (shapes) on the basis of lines and circular arcs. All of the closed shapes that have sides (arcs or lines) divided into equidistant points are meshed to finite elements. It is also necessary to assign electric potential and material to these contours. After that, it is possible to compute electric-field strength between the electrodes within the GDA.
On the basis of these theoretical assumptions, we can freely change the geometrical shapes of the electrodes and compute the electric-field strength between the electrodes. The purpose of changing electrode shape is to reduce the electric-field strength above the edges of the electrodes. In the case that the electrodes are too curved at the top, the value of the electric-field strength above the edge of the electrodes will be lower than in the axis above the electrodes. The goal is therefore to find the most homogenous electric field above the electrode. This can be achieved using optimization methods. The variables , , and are optimization variables (parameters) for reshaping the geometry (Fig. 5) .
B. Formulation of an Optimization Problem
With regard to the fact that it is not known how large the hook-line excrescence should be and how much of the top of the electrodes should be curves, it is necessary to prepare the geometrical model for optimization. On the basis of the number of variables with which the shapes of electrodes and objective function are changed, the use of optimization of the geometrical shapes of the electrodes can yield the optimal electric-field strength between the electrodes with regard to the requirements of the objective function.
An appropriate selection of the objective function is crucial for successfully optimizing the optimal shapes of electrodes. The task is to geometrically change the electrodes of the GDA to the extent that they would provide the most uniform distribution of electric-field strength between the electrodes. In order to achieve this goal, an adequate objective function should be selected. The electric-field strength in the gap between the electrodes is computed for any set of variables , taking into consideration the geometrical limits of the coordinates positions from Fig. 5 . The points are positioned 0.13 mm above the electrode to eliminate the influence of finite-element error. The density of equidistant points remains the same for any electrode shape, while the number of points depends upon the electrode's shape. The objective function from (2) was selected for all of the examples (2) Fig. 6 . Optimization procedure for the computation of an optimal electrode shape.
In all points above the electrode, the least possible deviation of least mean squares is sought for deviations of electric-field strength at these points. If there are many points where the electric-field strength should be determined, the size of elements regarding the square root of the double sum significantly increases. The number of pairs where the difference is sought corresponds to the number of combinations of pairs for all points. This optimization problem is a constraint optimization problem, since due to the fact that the limits of changing the geometrical coordinates are also constrained (Fig. 5 ). Fig. 6 shows the optimization procedure for the determination of the optimal electrode shape. The applied algorithm uses the differential evolution method. In the first step, the algorithm chooses a random set of variables . These are input data for generating the geometrical shape of the electrode. The geometrical model (contours) is generated in Matlab by reading the fixed points from the input variables. On the basis of the set of variables, all boundary points of the contours are calculated using the procedure shown in Fig. 5 . Based on these boundary points (vertices of contours), equidistant points are computed for circular arcs and line segments. When this procedure is finished, the mesh generator divides all contours into finite elements. The meshed contours then in the preprocessor obtain properties of material and boundary conditions (electric potential for electric-field computations) from the input variables. These meshed contours with electric potential and properties of material represent the input data for the computation of electric-field strength using FEM with the solver of a noncommercial EleFanT program package. The postprocessor is used to obtain a vector of computed values of electric-field strength in coordinates above the electrode. This vector is the basis for computation of objective function (2) . The objective function represents the deviation of electric-field strength between all points. Since the optimization algorithm seeks for the minimum of the objective function, the optimal value would be achieved when the electric-field strength in all points had the same value. In this case, the electric field above the electrode would be homogenously distributed. The optimization algorithm in each iteration for each member of the population defines a new set of variables . The loop is thus repeated. The computation ends when the maximum number of iterations has been reached or a predefined criterion is fulfilled. In this case, the optimization variables become optimal. The entire procedure, except the computation using FEM, is performed in the Matlab program package. The optimization of the electrode shape with regard to electric-field strength was carried out using the differential evolution method. Two optimizations of electrode shape were carried out, namely, for a GDA with a grid engraved on top of the electrodes (as shown in Fig. 5) , and with the smooth upper surface of electrodes (Fig. 1) . In both cases, the criterion was the most uniform distribution of electric-field strength (2). Both electrodes had the form of excrescence at their edges. Below are comparisons between the optimal shapes of electrodes among themselves and with regard to the existing GDA. The input variables used for successful computation using the differential evolution optimization algorithm are compiled within Table I .
A. Optimization of the Shapes Regarding the Electrodes of a GDA With the Grid on Top of Them and the New Shape With a Hooked Excrescence
The shapes of electrodes between which the most suitable distribution of electric-field strength is sought, is shown in the graph of Fig. 5 . The procedure for changing the electrodes shapes was developed on the basis of this graph. All input data, which are needed for the differential evolution algorithm, are given in Table I . The potential of the lower electrode in this and all further optimization cases amounts to 2500 V. This distance from the electrode remains the same regardless of the variables , in . The optimization is, in this case, used to find uniform distribution of electric-field strength across the entire upper part of the lower electrode.
The results of the optimization process for input data from Table I are as follows: 0.4023, 0.8998, 0.4086, while the optimal value of the objective function amounts to 0.634 MV/m. In this computation for the optimal case, the electric-field strength is determined at 122 points which are all located 0.13 mm above the electrode. Fig. 7(a) presents a graph of the courses of the objective functions for each iteration, the values of all objective functions evaluations in Fig. 7(b) , and the normalized values of optimization variables for optimal solutions for each iteration in Fig. 7(c) . It is evident from Figs. 7(a) and (b) that the optimization algorithm converges toward the optimal solution after 50 iterations. Fig. 8(a) shows the distribution of electric-field strength between the electrodes for the optimal case using FEM. It can be seen that due to the fact that the minimum electric-field strength was sought at all of the observed points, the curvature of the top of the electrode for this criterion is small. However, the white area extends quite high. If the results computing for the existing shape of the electrode with the grid on its upper surface [ Fig. 4(c) ] are compared with the results for the optimally curved electrodes from Fig. 8(a) , we can see that the white areas (electric-field strength exceeds the given limit) are in the latter case smaller. This case of computation is hereinafter referred to as Computation II.
B. Computation of Electric-Field Strength in a GDA With an Electrode Having a Grid Engraved on Its Top and the Excrescence of a Simplified Shape
As seen in Fig. 8(a) , the electric-field strength under the hooked excrescence is lower than above it. For this reason, it is possible to simplify it by flattening the bottom part while the upper part remains unchanged relative to its shape in Fig. 8(a) . The shape of the excrescence was taken from [11] . The optimization variables of the objective function are optimal and are the same as in the previous case. The simplified excrescence is achieved by abandoning the two semicircular arcs between the points and in Fig. 5 . Two new points and are defined. Their -coordinates, in are defined as . In addition, it also stands that . Based on the geometrical model and adequate input variables, the shapes can be meshed into finite elements and the electric-field strength between the electrodes can be computed using FEM. The resulting distribution of is shown in Fig. 8(b) . This case of computation is hereinafter referred to as Computation III.
C. Computation of Electric-Field Strength in the GDA With a Smooth Electrode Top and Simplified Excrescence
The second optimization was carried out for a GDA's electrode with a smooth upper surface and simplified excrescence having the same shape as shown in Fig. 8(b) . Input variables for optimization were the same as in the first optimization and are shown in Table I .
The electric-field strength above the electrode was determined in the points 0.13 mm above it. These values were subsequently used for computation of the objective function. An optimization of the electrode shape is carried out. All important results from the optimization process are shown in Fig. 9 . The course of the objective function during the computation for GDA with a smooth electrode top and simplified excrescence is shown in Fig. 9(a) and (b) . From Fig. 9(a) , it is evident that the value of the objective function quickly converges to the optimal solution. Fig. 10 shows the distribution of the electric field above the smooth electrode and simplified excrescence. It can be seen that the electric-field strength in this case and with these optimization variables consequently means this curvature reached the highest values in the center of the electrode and not at the edges. This means that in this case, a breakdown in gas would probably occur in the center of the electrode. This would also cause lower electric current density in the arc than at the edge. This case of computation is hereinafter referred to as Computation IV.
V. COMPARISON OF MAGNITUDES OF ELECTRIC-FIELD
STRENGTH FOR COMPUTED CASES USING THE OPTIMIZATION METHOD In order to ensure the conditions for comparing computed values of electric-field strength between the electrodes for various shapes of GDA electrodes, all of the values of were computed at the same distance from the top of the electrode (0.13 mm). Before this, the electric-field strengths in the gaps between the electrodes were computed.
The following results from the computations of were compared: the GDA with an existing electrode shape with a grid engraved on top (Computation I); a GDA with an optimal electrode shape with the grid and hooked excrescence (Computation II); the GDA with an optimal electrode shape, the grid, and simplified excrescence (Computation III); and gas GDA with an optimal electrode shape, a smooth electrode surface, and simplified excrescence (Computation IV). All of these results are shown in Fig. 11 , where an additional Computation V is added, showing the electric-field strength for the same electrodes as in Computation I, but in the middle the electrodes and transversely to them. It turns out that in Computation I, the electric-field strength that is 0.13 mm above the electrode was high and exceeded 1.7 MV/m, as was evident from Fig. 1 . In those cases with an optimal electrode shape with grid and hooked excrescence (Computations II and III), a minor change of fluctuation of the electric-field strength across the top of the electrode 0.13 mm above it was noticeable. These fluctuations were within the interval 0.634 MV/m and caused by the grid and the edge of the electrode. The overshoot of at the electrode edge was significantly smaller than in Computation I (less than 0.2 MV/m).
Since the optimal shape of an electrode with grid and hooked excrescence is technologically difficult to produce, the excrescence was simplified [ Figs. 8(b) and 10] . The electrical-field strength in the gaps between the optimally shaped electrodes with grid and hooked excrescence (Computation III) is denoted as . It is slightly higher at the electrode edges than in Computation II. However, due to technological simplification of its production, it is reasonable to use this electrode shape.
The computation of electric-field strength above the electrode with smooth surface and simplified excrescence (Computation IV) showed that the value of electric-field strength above the smooth part of the electrode is higher than in the case with the grid engraved on the electrodes (Computation II). At the edges, the results are comparable to those obtained in Computation II. Fig. 11 also shows the distribution of electric-field strength in the middle between the electrodes . The electric-field strength there is in the interval between the electrodes' axis and approximately 2/3 of the electrodes' radius constant (homogenous electric field in the gaps between the electrodes), while the outer parts of the gap decrease sharply.
VI. CONCLUSION
The purpose of this paper was to carry out optimization of the electrodes of the GDA with regard to the electric-field strength between the electrodes. The differential evolution optimization algorithm was used for this purpose. All of the computations of geometrical variables were made within a Matlab environment, where all necessary data were prepared for the creation of finite elements and computation of the electric field using the EleFAnT solver. This proved to be a very efficient combination that combines the use of an optimization algorithm with numerical computations using FEM.
On the basis of the computations of electric-field strength between the electrodes, it is possible to draw the conclusion that electric-field strength up to 2/3 distance from the electrode center is homogenous. At the edge of the electrode, an inhomogeneous electric field appears which leads to a significant increase in electric-field strength. This increase can, together with the reduction of dielectric strength after activation of a GDA due to the heating of gas during the burning of the electric arc, lead to reignition of the GDA.
The geometrical model of the GDA electrodes was successfully implemented in the optimization process to find the optimal electrodes shape for as much uniform distribution of electric-field strength as possible. The optimization computations were carried out for two different models that were formed of fixed geometry and three optimization variables. Due to the relatively low number of optimization variables (only three), the convergence was achieved after approximately 50 iterations, which is shown by the results of the course of the optimization process for the objective function. According to the results, when shaping various types of electrodes using an optimization algorithm, it is evident that the curvature of the upper side of the electrode is practically independent of the presence of a grid engraved into it and the shape of the excrescence.
The results of optimization showed that the curvature on the top of the electrode has the strongest impact on the uniform distribution of . The size of the excrescence on the edge of the electrode has only a local impact on the distribution of , which is additionally reduced when the curvature of the top of electrode is higher. It turned out that from the standpoint of uniformity regarding the electric-field strength above the electrode, the more suitable shape is the curved shape of the electrode with simplified excrescence according to Rogowski, and a grid engraved on top of it. Despite the optimal shape of the electrode without the grid, the electric-field strength in the center of the electrode is increased, which may lead to repeated electrical breakdown at this point.
